We investigated the morphology of the N1-P2 auditory evoked potential (AEP) to changes in amplitude rise time (ART) and rate of formant transition (RFT) of consonant-vowel pairs (CVs) in 4-6-year olds and adults. In the AEP session, individuals listened passively to the CVs /ba/, /wa/, and a /ba/ with a superimposed slower-rising /wa/ envelope (/ba/wa). In the behavioral session, individuals listened to the same stimuli and judged whether they heard a /ba/ or /wa/. In 6-year olds and adults, the N1-P2 amplitude reflected a change in RFT (/ba/wa and /wa/) but not in ART (/ba/ and /ba/wa). In contrast, in the 4-5-year olds, the poorly developed N1-P2 did not show specificity to changes in RFT or ART. Behaviorally, 6-year olds and adults relied more strongly on RFT cues (classified /ba/wa as /ba/) during phonetic judgments, as opposed to 4-5-year olds which utilized both cues equally (chance level). Our findings suggest that following age 4-5, the development of the N1-P2 AEP, representing maturation of synaptic connections in the superficial layer of the auditory cortex, reflects a shift toward weighting of spectral dynamics more than amplitude dynamics during /ba/ -/wa/ phonetic categorization.
INTRODUCTION
Speech perception entails weighting the various acoustic (temporal and spectral) and contextual (lexical knowledge) cues afforded by the speech in a manner as to achieve the most efficient intelligible outcome. A recent study by Goswami et al. (2011) showed that perception of the amplitude rise time (ART) of the speech envelope is crucial for language development. They examined phonetic contrast abilities for synthetic /ba/ and /wa/ consonantvowels (CVs) that varied along their continuum of ART or rate of formant transition (RFT) in normal and dyslexic children. They reported that normal children were better than dyslexic children at phonetic discrimination when CVs varied in ART but not RFT. In comparison, studies on adults (Nittrouer and Studdert-Kennedy, 1986, Walsh and Diehl, 1991) reported that adults largely ignore changes in ART and base their labeling of /ba/ and /wa/ on RFT. Taken together, these previous accounts suggest that there is a shift in perceptual weighting strategies of acoustic cues with development.
The current study was done to explore the neurophysiological causes that underlie these developmental shifts in weighting strategies. We measured the N1-P2 (100 and 180 ms, respectively) AEP to /ba/ and /wa/ CVs and a /ba/ CV superimposed with the slower-rising /wa/ envelope (/ba/ wa ) ( Fig. 1 .) in native English children (4-6-year olds) and adults (18-25-year olds). The N1 and P2, which represent synchronous neural activity in the primary and nonprimary auditory cortex (Scherg and Von Cramon) begins to emerge around 4-6-years of age (Pang and Taylor, 2000; Ponton et al., 2000; Shahin et al., 2010) . Their amplitude and latency dynamics are known to reflect changes in spectrum and/or amplitude cues of CVs (Korczak and Stapells 2010; Ostroff et al., 1998) and tones (Shahin et al., 2010) . Thus, studying the N1-P2 AEP could help us understand the development of children's weighting strategies of acoustic cues during phonetic categorization.
We hypothesized that the N1-P2 amplitude should exhibit a behavior consistent with the weighting strategies of ART and RFT cues during phonetic judgments. Such that, when phonetic labeling is mainly based on RFT, the N1-P2 amplitude for /ba/ wa and /ba/ should be similar (because both CVs have similar RFT but a different ART), but the N1-P2 of both CVs should be different from that of /wa/. However, if phonetic labeling is mainly based on ART, we should find that the N1-P2 amplitude of /ba/ wa and /wa/ similar but different from that of /ba/. 
METHODS

Subjects
Twenty-four native English listeners were of the following ages: 4-6 years (n = 12) and 18-25 years (n = 12). Informed written consent was obtained from each participant, and parental consent was obtained for children. All experimental procedures were approved by the Institutional Research Board (IRB) of The Ohio State University.
Stimuli
Stimuli were recorded using Shure KSM (sampled at 48000 Hz and 16 bit) from two native English speakers (female: f 0 = 250 Hz; male: f 0 = 125 Hz). All stimuli were 300 ms in duration and of equal RMS power. The stimuli (Fig. 1) consisted of 2 naturally voiced CVs, /ba/ and /wa/, and a manipulated natural /ba/ with a superimposed /wa/ temporal envelope /ba/ wa . The /ba/ and /wa/ CVs exhibited similar formant trajectory but varied 
Procedure
Subjects were seated comfortably in a sound-attenuated room and wore insert earphones (Etymotic Research ER4, Elk Grove Village, Illinois). Continuous electroencephalographic (EEG) data was acquired using a 20-channel cap (10-20 system, BioSemi Active 2 system, Netherlands, sampled at 1024 Hz, with Common Mode Sense (CMS) and Driven Right Leg (DRL) passive electrodes serving as grounds). Each stimulus was presented 50 times in a random order, in 4 blocks, for a total of 200 trials for each stimulus type. A passive listening protocol was followed, during which subjects watched a subtitled silent movie on a 24-inch monitor one meter away. Stimuli were presented to the subjects at a comfortable sound pressure level (~ 60-65 dB, according to initial feedback from participants) through the same earphones as the behavioral experiment. A variable inter-stimulus interval of 1.5 to 2 seconds was used. The EEG session lasted about 45 minutes with ~5 minute breaks between blocks.
Data Analysis
Dramatic differences in AEP results prompted dividing the children into two groups (4-5-year olds, n = 6, only one of which was 5-year old, and 6-year olds, n = 6).
EEG analysis was conducted using EEGLAB and in-house MATLAB (The MathWorks, Inc., Natick, MA) code. Continuous EEG files were average referenced, epoched from -200 ms to +500 ms around stimulus onset, and baselined to the 200 ms pre-stimulus interval. Trials containing amplitudes of +/-150 µV or larger at any channel were rejected. Subsequently trials were averaged according to each CV type and band-pass filtered between 0.5-30 Hz using a zero-phase FIR filter. Analysis of the N1 and P2 AEPs was limited to the Cz channel, as activity generated in primary and surrounding auditory cortex are maximally exhibited at fronto-central locations.
For each CV type the group latency for the N1 was identified visually as the maximum negative peak between 135ms and 200ms after sound onset for children and between 50ms and 150ms for adults. The group latency for the P2 was identified as the maximum positive peak between 140 and 200 ms after sound onset for both children and adults. Subsequently, individual N1 and P2 peaks were automatically identified based on the group and CV type latencies identified above.
N1-P2 differences between groups and CV types were examined using an ANOVA with two factors: age group and CV type. Post-hoc analyses were based on Fisher LSD test.
RESULTS
Figure 2 left shows AEP waveforms at Cz averaged across the /ba/ wa , /ba/, and /wa/ conditions for adults. Figure  2 right shows the N1-P2 peak-to-peak amplitudes evoked by each CV for each group. An ANOVA on the N1-P2 amplitudes (factors: age group and CV type) showed a main effect of group (F (2,21) = 15.3, p < 0.0001), a main effect of CV type (F (2,42) = 7.7, p < 0.002), and an interaction between the factors (F (4,42) = 4.0, p < 0.01). The group main FIGURE 2. Left. Group averaged waveforms at channel Cz for the adults, depicting auditory responses evoked by CVs (averaged over /ba/, /wa/ and /ba/ wa ). Vertical dashed lines represent sound onset. Right. B. The groups' N1-P2 peak-to-peak amplitudes evoked by each CV (/ba/, /wa/, and /ba/ wa ) at channel Cz. effect was due to larger N1-P2 AEPs exhibited by adults than children (LSD test, p < 0.002), with no difference between the two children groups (p > 0.2). The main effect of CV type was due to larger N1-P2 AEPs exhibited for the /ba/ and /ba/ wa CVs compared to the /wa/ CV (p < 0.005), with no difference between AEP amplitudes for the /ba/ and /ba/ wa CVs (p > 0.3). The interaction between factors was due to larger N1-P2 amplitudes occurring for the /ba/ and /ba/ wa CVs than the /wa/ CV only in the 6-year olds and adults (p < 0.02). In the older age groups, there was no difference between the N1-P2 amplitude of /ba/ and /ba/ wa (p > 0.3). Finally, there was no difference between the N1-P2 AEPs of the /ba/, /ba/ wa and /wa/ CVs in 4-5-year olds (p > 0.5), consistent with a lack of specificity of the N1-P2 to RFT or ART at this age.
DISCUSSION
Our findings suggest that in adults and 6-year old children the N1-P2 AEP reflect the fidelity of RFT weighting-a change in N1-P2 amplitude reflected a change in RFT but not ART. In contrast, the 4-5-year olds' did not exhibit differences in N1-P2 due to changes in ART or RFT. This developmental change of weighting strategies after age 4-5 coincides with the age of commencement of maturation of synaptic connections in the superficial layer of the auditory cortex (Moore and Guan, 2001 ) which gives rise to the N1-P2 complex.
Our results do not suggest that 6 year olds and adults are not sensitive to changes in ART. Goswami et al (2011) which utilized a discrimination task (compared to a labeling task herein) clearly show that children between 7 and 12 years of age can make phonetic distinctions based on ART. Our findings however, indicate that FRT is favored during phonetic classification for these age groups. Given this outcome we may infer that the emergence of N1-P2 AEP following age 4-5 points to the AEP's role in encoding rapid spectral change in speech. For the /ba/ and /ba/ wa CVs the second formant rapidly increased to a steady state while that of /wa/ rose slowly. This result is consistent with previous studies which have shown that the N1 and/or P2 are sensitive to frequency change of consonant-vowel and vowel-vowel transition (Doellinger et al., 2011; Korczak and Stapells, 2010; Martin, A. Boothroyd, 2000) . Thus, the development of the N1-P2 following age 4-5 may bias children to rely more on spectral than amplitude dynamics of speech during the /ba/-/wa/ phonetic classification.
In summary, the emergence of the N1-P2 following age 4-5 years during phonetic classification of /ba/ and /wa/ suggest a shift in perceptual cue-weighting of children, favoring greater reliance on spectral details of the speech.
